Spatial variation in biological traits reflects evolutionary and biogeographical processes of the history of clades, and patterns of body size and range size can be suitable to recover such processes. In the present study, we test for latitudinal and altitudinal gradients in both body and range sizes in an entire family of tropical anurans, Centrolenidae. We partition the species latitudinal, and altitudinal distributions into an indirect measure of tolerance, and then test its effect on the body size gradient. We use an assemblage-based approach to correlate the traits with altitudinal and latitudinal axes, taking into account both phylogenetic and spatial autocorrelation in data. Centrolenids lack any gradient in range size but show a positive cline of both body size and adaptive body enlargement with altitude. This pattern is also positively correlated with an altitudinal gradient of cold tolerance, thus lending support to the heat balance hypothesis as an explanation of the body size cline. By using an entire Neotropical clade of anurans, we add further support for Bergmann's rule in ectotherms, warn for a likely effect of environmental steepness in fashioning the gradient, and offer evidence for an historical scenario (the Oligocene-Eocene Andean uplift) as its likely trigger.
INTRODUCTION
Patterns of geographical distributions of species traits reflect ecophysiological and evolutionary processes that have allowed them to endure environmental conditions and diversify in space and time (Gaston, Chown & Evans, 2008) . A common way to address these patterns is by evaluating the so-called 'ecogeographical rules' that concisely describe the trait variation in respect to a hypothesized determinant, which is most often linked to climate variation (Gaston & Blackburn, 2000; Gaston et al., 2008) . However, despite this conceptual practicality, exceptions to eco-geographical rules are frequent, especially under phylogenetically and geographically inclusive analyses (Meiri & Dayan, 2003; Whitton et al., 2012) . Therefore, attempts to identify both the mechanisms behind these 'rules' and what causes them to be absent in some circumstances may shed light on how these patterns are shaped (Olalla-Tárraga, 2011).
One of these rules, Bergmann's rule, states that body size increases towards higher latitudes/altitudes (i.e. colder environments). Its original explanation (offered by Bergmann himself in 1847; for a recent discussion around the original formulation of the rule, see Watt, Mitchell & Salewski, 2010; Meiri, 2011; Olalla-Tárraga, 2011) is that lower temperatures favours large-bodied species because smaller surfaceto-volume ratios associated with larger sizes allow species to better conserve heat (James, 1970; Blackburn, Gaston & Loder, 1999) . Despite other possible explanations (e.g. correlation of body mass with other cold-benefited trait, migration ability, starvation resistance, resource availability; Blackburn et al., 1999) , the 'heat conservation hypothesis' has been largely favoured so far (Olalla-Tárraga, 2011) . Recently, the 'heat balance hypothesis' was suggested as a thermoregulatory unifying explanation for body size gradients in endotherms and ectotherms, which extends and complements Bergmann's original mechanism (Olalla-Tárraga & Rodríguez, 2007) . The heat balance hypothesis takes into account the importance of surface-to-volume ratios for the thermal adjustments, activity times, and operative temperatures in thermoregulating ectotherms and develops complementary expectations for ectotherms with a high degree of 'thermoconformism'. Anurans, for example, are able to enhance heat gain and conservation, and thus fit in the thermoregulators group, contrasting to urodeles, for example, which lack such ability (Olalla-Tárraga & Rodríguez, 2007) .
Although currently well-accepted within the ecological and biogeographical arenas, Bergmann's rule has been involved in two relevant disputes: the taxonomic resolution to which the rule should apply (i.e. at an intra-or an interspecific level; Ashton & Feldman, 2003; Meiri, 2011) , and whether ectotherms fit to its scope. Some studies defend the restriction of the rule only to endotherms (Pincheira-Donoso, 2010; Watt & Salewski, 2011) , whereas others suggest a more inclusive approach (Meiri, 2011; Olalla-Tárraga, 2011 ). In the present study, we adopt this latter more pluralistic viewpoint, which claims that Bergmann's rules should be investigated in endotherms and ectotherms, and at both intra-and interspecific levels.
Rapoport's rule, in turn, predicts an increase in the species range size with latitude or elevation, and was also proposed as a potential correlate or explanation for latitudinal richness gradients (Stevens, 1989 (Stevens, , 1992 . The traditional explanation for this rule is the climatic variability hypothesis (Gaston, 2003) . The reasoning behind this mechanism is that increasing climatic seasonality towards high latitudes/altitudes selects for species with broad climatic tolerances that can spread their ranges polewards compared to the usually range-restricted species from tropical regions and lower altitudes. The validity of Rapoport's rule has nonetheless been strongly debated (Gaston, Blackburn & Spicer, 1998; Whitton et al., 2012) . Even so, despite the lack of support for Rapoport's rule at a global scale, which can be attributed to other factors that affect the species range size (Brown, Stevens & Kaufman, 1996; Gaston, 2003) , the climatic variability hypothesis is well supported for many terrestrial and marine organisms (Addo-Bediako, Chown & Gaston, 2000; Sunday, Bates & Dulvy, 2011) .
Accordingly, in view of both the mainly advocated explanations for body size and range size gradients [heat conservation and tolerance amplitude (disregarding the weak support for the Rapoport' rule)], we can reasonably link these mechanisms to the species adaptation to colder conditions via tolerance. Indeed, larger bodied organisms are supposed to conserve heat better and, consequently, to better tolerate cold conditions. Similarly, the variability in species range size is related to the amplitude of species tolerance (Addo-Bediako et al., 2000; Sunday et al., 2011) . Therefore, if either Bergmann's or Rapoports's rules apply through the aforementioned mechanisms, a given measure of the species' cold tolerance should correlate with both body size or range size, respectively.
Owing to their high susceptibility to environmental variation, amphibians are suited for testing hypotheses on the influence of climate-related factors on adaptive constraints that affect species traits such as body size and range size. In the present study, we used data from an entire, monophyletic clade: the glassfrogs (Anura: Centrolenidae) (148 species; Guayasamin et al., 2009) . They are distributed in the Neotropics, at broadleaf forests and páramo habitats from Central America and Amazonian-Orinoco basins through the Andes to the Atlantic Forest of Brazil and Argentina; from sea level to 3500 m a.s.l. (Cisneros-Heredia & McDiarmid, 2006) . We tested whether glassfrogs follow Bergmann's and Rapopport's rules across both latitude and altitude. We formulated a procedure to partition out the occupation of geographical space by species, based on their horizontal and vertical axes of distribution, and extracted a proxy for an amongspecies component of tolerance. We then tested whether this component correlates with the variation in body size, as expected by the heat balance hypothesis. We also tested whether tolerance is related to temperature or to two other possible explanations (aridity and productivity; Blackburn et al., 1999) .
MATERIAL AND METHODS

SPECIES AND ENVIRONMENTAL DATA
We assembled data on body size, range size, and altitudinal range for all species of centrolenids. As a measure of body size, we used the species' midpoint between minimum and maximum snout-vent length (adult SVL in mm). Midpoint SVL was used to reduce the sampling effect of some species that are known only from the holotype. Most of these data were assembled by Guayasamin et al. (2009) based on original references. We also gathered data missing from this source directly from the original description of the species (see Supporting information, Table S1 ). Range sizes were drawn from the Global Amphibian Assessment (GAA) database (IUCN, 2009 ). For four recently described species (missing from GAA), we calculated the range size by drawing minimum convex polygons from pointlocality records provided by specific studies (see Supporting information, Table S1 ). We overlaid the range sizes onto a grid cell system of 0.5°¥ 0.5°( latitude ¥ longitude) spatial resolution, covering the entire distribution of centrolenids, which yielded a presence/absence matrix of all species. We projected the species traits (body size and range size) onto the map according to their geographical distribution. For species known only from type locality, we attributed the minimum range size of our dataset, as provided by the GAA (i.e. approximately 12 square km). As a measure of species altitudinal range, we used the difference between the uppermost and the lowermost altitude (in metres) where the species is known to occur. Most of these data are provided by Frost (2011) . For some species, for which this information was not available, we used the species distributional map to extract these data from an altitude data layer drawn from a global elevation model (HYDRO1k; http:// eros.usgs.gov).
To estimate the environmental conditions where the species occur, we gathered spatial data of thermal range (i.e. maximum minus minimum annual temperature), aridity (calculated as the precipitationpotential evapotranspiration ratio), and annual precipitation, as a measure of environmental productivity. These data derive from interpolated surface data series. Temperature and precipitation are from Hijmans et al. (2005) , and potential evapotranspiration is from Willmott & Matsuura (2001) . These data were projected onto the 0.5°cells grid on which species distributions were overlaid.
To account for the effect of phylogenetic structure on species traits, we drew a phylogenetic tree of all centrolenids based on the phylogeny of Guayasamin et al. (2009) , which covers 53% of all described species. We inserted the missing species as sister species of those already covered or as polytomies, following the authority of description or other classifications of infrageneric or generic grouping (see Supporting information, Table S1 ), thus accounting for all 148 known species. Because we added species missing from the original tree, we disregarded the tree branch lengths (originally measured as rate of substitution) in the complete tree in favour of a distance matrix based on the number of tree nodes shared by species. Our goal in adding missing species based on previous taxonomic classification was to allow all species to play their role in the assemblage-level distribution of traits, at the same time as avoiding any sampling bias in the phylogeny construction. However, most previous clas-sifications of Centrolenidae rely on morphological data, and thus species relationships may have undergone different arrangements thereafter, especially after molecular-based assessments. Therefore, to assess the reliability of the results derived from our 'tapestry' phylogeny, we rerun all the analyses only with the species present in the Guayasamin et al. (2009) phylogeny (i.e. 79 species), thus taking into account the original tree branch lengths. Also, to assess the pervasiveness of the patterns, we ran the analyses with two most speciose clades of the family: the Hyalinobatrachium genus and the clade joining Centrolene and Nymphargus genera (Guayasamin et al., 2009) .
PHYLOGENETIC COMPARATIVE METHODS AND
ASSEMBLAGE-BASED APPROACH
Because phylogenetic relationships create dependence of trait values and ancestral states, it is always important to test whether species traits constitute independent observation in comparative analyses (Felsenstein, 1985; Harvey & Pagel, 1991 ). Thus, we tested for phylogenetic signal in body size, range size, and altitudinal range size through Moran's I index in a phylogenetic correlogram based on phylogenetic distances among species (Gittleman & Kot, 1990) . We then used a phylogenetic eigenvector regression (PVR; Diniz- Filho, Sant'ana & Bini, 1998) to partition out the positively autocorrelated trait into a phylogenetic (P) and a specific (S) component (for a similar application, see Morales-Castilla, Rodríguez & Hawkins, 2012) . We selected a set of eigenvectors following the criterion of significance (P < 0.05) of correlations between body size and the eigenvectors (Diniz-Filho et al., 2012a) . Briefly, the phylogenetic component (P) translates the trait variation that results from the phylogenetic relatedness among species, whereas the specific component (S) is the fraction that deviates from the phylogenetic model. If correlated with environmental variation or other traits, the S component can be understood as the adaptive response of species (Diniz-Filho et al., 1998; Desdevises et al., 2003) . We then used a partial regression analysis to calculate the relative contribution of the P and S components to the total amount of trait variation (T). Although the interpretation of the coefficients of determination, R 2 , in the PVR is now known to be conditional to the eigenvalues of the eigenvectors used in the modelling (Diniz Filho et al., 2012b) , their partial contributions are not studied in this particular context yet. However, using eigenvectors correlated with the response variable and checking for absence of Moran's I in the S component ensures that most of the phylogenetic autocorrelation in data was taken into account (Diniz-Filho et al., 2012a) .
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We then used an assemblage-based approach (also called community-based or grid-based approach; Blackburn & Hawkins, 2004; Olalla-Tárraga et al., 2010) to map the species body size, including the P and S components (as species traits), onto the grid cells based on the species distribution. In the assemblagebased approach, the trait can be averaged and mapped, allowing portraying the geographical pattern in a bidimensional perspective (for details on how to combine PVR in an assemblage-based approach, see Diniz-Filho et al., 2009; Terribile et al., 2009) . We calculated median values, rather than means, of P and S for each cell to take into account the effect of low richness in many cells, which may create non-normal distributions of species values within cells (Meiri & Thomas, 2007) .
PARTITIONING RANGE SIZE COMPONENTS
The major determinants of the range size at macroscale are the differential ability to disperse and to tolerate outermost climates (Brown et al., 1996; Baselga et al., 2011; Whitton et al., 2012) . Factors such as interspecific interactions, dietary niche breadth and position, and fine-scale habitat parameters do not substantially affect large-scale patterns of range size. Instead, they are expected to influence range occupancy locally (Baselga et al., 2011; Whitton et al., 2012) . Body size can also be rejected as a cause per se of range size variation among small-sized animals. This is because differences in range size of small-sized animals, including glassfrogs (Gouveia, Faria & Rocha, 2012) , appear not to arise from summation of individual home ranges (Brown et al., 1996) , such as found for large-bodied organisms (Peters, 1983) .
We further distinguished the two spatial axes where glassfrogs are distributed, the horizontal (i.e. latitude and longitude) and vertical (altitude), as a means to test each of them independently. To some extent, this distinction assures that we can deal with different degrees of steepness in the climatic gradient: a weaker (horizontal) and a stronger one (vertical). Indeed, the climate range (measured as the mean temperature amplitude) across the altitudinal axis is approximately two-fold wider (47°C) than that across latitude (28°C). Following this, we can consider both the horizontal and the vertical axes as referential dimensions of the space that impose different constraints to the tolerance of glassfrogs. Although the climatic variation across latitude is not negligible, it falls within the overall climatic milieu of most of Neotropics, whereas the altitudinal variation is distinctively harsher than anywhere else in the region.
Because dispersal and tolerance act in concert to determine the patterns of species distribution (Baselga et al., 2011) , we should predict, as a null expectation, a positive relationship between horizontal and vertical range sizes among closely-related species that are distributed across these two dimensions. Accordingly, species that achieve a higher vertical range than predicted should be somewhat more tolerant relative to average species. In this scenario (Fig. 1, model A) , if we plotted the sizes of vertical range against horizontal range on a scatter graph, we should obtain a positive relationship in which, on average, the surplus and shortage of species tolerance would be distributed above and below the model's best fit line, respectively. Alternatively, if other factors played a stronger effect on the overall large-scale pattern of species distribution, we should find species at all possible conditions (i.e. a random, near-zero correlation) ( Fig. 1, model B) . In the case of finding the scenario 1A, we could take the model residual as an indirect measure of among-species variability in Figure 1 . Theoretical models of the variation of vertical versus horizontal range sizes. Model A illustrates the null expectation, in which species that are horizontally large-ranged should also be vertically large-ranged. In such a case, models residual can be taken as a proxy of the species tolerance. In model B, other factors distort the expectation, preventing the inference of tolerance. tolerance. Thereafter, this tolerance component could be separated and assigned to each species, and then be handled in the assemblage-based approach as a species trait.
Because these scenarios do not assume an a priori cause-and-effect state between horizontal and vertical range sizes, and there is measurement error associated to both variables, we performed a cross-species restricted major axis regression (RMA -Model II; Legendre & Legendre, 1998) . We ran this analysis without species with zero vertical range size (i.e. known only from a single altitude) because they created a second horizontal (zero) line. Including these species, however, does not significantly alter the statistical result.
As stated above, dispersal and tolerance (and other factors in less extent) can be tightly interrelated when determining the species range sizes, and may vary according to specific circumstances. However, our intention is to summarize a proxy of the interspecific variation in species tolerance that could be used as a comparative descriptor for the spatial asymmetry in body size in the absence of direct measures of tolerance (for a similar approach involving assessment of extinction risk in mammals, see Purvis et al., 2000) .
STATISTICAL ANALYSIS
We used latitudinal mid-point and maximum altitude of grid cells to test the latitudinal and altitudinal gradients for range size and body size, using Pearson's correlation coefficient. We avoided correlating the trait variations directly with climatic predictors because climatic variables interchange through both latitudinal and altitudinal axes. This caution ensured that we were dealing with both horizontal and vertical predictions, independently (see above). Because centrolenids are distributed northward and southward of the Equator (thus generating a bidirectional prediction along latitudinal gradients), we transformed latitude into absolute values. We tested the vertical gradient of range size by controlling the effect of geometric constraint imposed by the Andean topography on the horizontal range size at high altitudes (Ruggiero & Lawton, 1998) . Thus, we extracted the residual of the negative relationship between the horizontal range size and maximum elevation to recalculate the actual available area used by species along the elevational gradient.
We tested the correlation of our proxy for tolerance (i.e. the residual of the horizontal range ¥ vertical range model) with the variation in the total (T) and the specific (S) components of body size. Also, as a means of identifying the climatic predictor that best explains the variation in our proxy of tolerance, we performed a multiple regression analysis with variance partition-ing, involving three predictors that represent alternative climatic hypotheses for Bergmann's clines: temperature, aridity, and productivity (through annual precipitation; Blackburn et al., 1999) .
In correlation analyses, the geographical proximity among sample unities (e.g. grid cells) often causes spatial dependence in variables (i.e. spatial autocorrelation) (Legendre & Legendre, 1998) . We controlled for this dependence by reducing the degrees of freedom in Pearson's correlation analyses using Dutilleul's (1993) modified t-test, at a 5% significance level.
RESULTS
The body size of glassfrogs ranges from 17 to 80 mm, although the size of most species (77%) varies within 20-30 mm. Nevertheless, the trait variation showed a clear spatial pattern: larger species are clustered at elevated zones of Venezuelan, Colombian, Ecuadorian, and Peruvian forests along the Andes, and also at high altitudes of the northern distribution (Guatemala and Mexico) (Fig. 2, T) . Along the Colombian Andes, they show the larger amount of body size variation (20.7-44.3 mm), as well as of altitude (300-3500 m a.s.l.).
Only body size was phylogenetically autocorrelated, although this effect was relatively weak (Moran's I = 0.251 at the first of seven equal distance classes; P < 0.001). Phylogenetic autocorrelation persisted up to the third distance unity of the spatial correlogram (not shown), thus expressing a phylogenetic nonindependence approximately at the within-genera level.
Three eigenvectors were retained in the PVR analysis, which completely removed the phylogenetic signal in data (Moran's I = -0.023; P = 0.621), yielding an S component independent among species. According to the PVR partial regression, P accounted for a relatively small fraction of the interspecific variation in body size (26.7%), coherent with Moran's I and correlograms, whereas the larger amount (73.3%) was related to S.
When P and S components were mapped, the former lacked any clear spatial pattern, except for some scattered locations around Andean foothills of Venezuela, Peru, and Bolivia (Fig. 2, P) . Conversely, the S component showed a spatial pattern most similar to total body size, as expected by the explanation of these components in respect to the original data (Fig. 2, S) .
In the spatial occupancy model, altitudinal and horizontal range sizes were positively correlated (log ¥ log; RMA slope = 0.799, P < 0.001; Fig. 3 ), corresponding to our scenario A of Fig. 1 . We found a quite similar pattern when we analyzed only the species from the original molecular tree (slope = 0.631, ECOGEOGRAPHICAL RULES IN GLASSFROGS 777 P < 0.001). We then took the model residuals as proportional to the interspecific variation in tolerance.
We found a positive, significant correlation of median body size with maximum altitude (r = 0.609; d.f.Dutilleul = 49; P < 0.001) but not with the latitude (r = 0.201; d.f.Dutilleul = 16; P = 0.419; Fig. 4B ). In addition, we found a positive relationship of the adaptive component (S) of body size with altitude (r = 0.494; d.f.Dutilleul = 502; P < 0.001; Fig. 4A ). Range size correlated neither with latitude (r = -0.076; d.f.Dutilleul = 24; P = 0.714), nor with altitude (r = -0.085; d.f.Dutilleul = 58; P = 0.518), after controlling for the Andean geometric constraints.
The results provided by our 'tapestry' phylogeny prove to be reliable. The analyses involving only the species included in the molecular tree showed similar results for the relationship of altitude with body size (r = 0.521; d.f. Dutilleul Finally, the multiple regression analysis showed that temperature was the most important predictor of tolerance (partial R 2 = 0.165; P < 0.001), relative to aridity (partial R 2 = 0.001) and productivity (partial R 2 = 0.021).
DISCUSSION
We found altitudinal (but not latitudinal) gradient of body size and reject the occurrence of both latitudinal and altitudinal gradients in range size for centrolenids. These results agree with most empirical evidence from other taxa and geographical regions, particularly regarding the lack of spatial pattern of range size in the Neotropics. That is, Rapoport's rule is increasingly being alleged as a regional, Holarctic phenomenon, rather than a general rule (Gaston et al., 1998; Whitton et al., 2012) . On the other hand, despite some exceptions (Blackburn et al., 1999; Berke et al., 2012) , studies of Bergmann's rule on either endotherms or ectotherms vertebrates tend to find clear geographical gradients (Meiri & Dayan, 2003; Olalla-Tárraga & Rodríguez, 2007) , including for anurans in tropical regions Bidau, Martí & Baldo, 2011) .
It has been recently argued that Bergmann's rule should be strictly considered under its original formulation in the 19th Century (i.e. it should only refer to endotherms; Pincheira-Donoso, 2010; Watt & Salewski, 2011) . Indeed, temperature-body size clines in ectotherms are less evident and more complex than in endotherms (Ashton, 2002; Ashton & Feldman, 2003; Olalla-Tárraga & Rodríguez, 2007) . However, a lack of support for Bergmann's rule holds for both ectotherms and endotherms (Meiri & Dayan, 2003; Pincheira-Donoso, 2010 , Berke et al., 2012 ; thus, the phenomenon is far from being universal. In view of this debate, we provide further evidence for the adherence of an entire, monophyletic clade of anurans to the pattern. Here, it is worth noting that both the completeness and the monophyly of the clade have been argued as a necessary conditions to rigorously test Bergmann's rule (Blackburn et al., 1999) .
An important finding is the consistence of the results from comparative analysis, even when adding further uncertainty with both the polytomies and the dismissal of branch lengths, relative to a better resolved phylogeny. This finding may have been benefited by the week phylogenetic signal in the variation in body size among species. However, the inclusion of species (for which their taxonomic positions are relatively well known) into a more consistent baseline phylogeny has been shown to provide congruent conclusions between the two approaches (Jetz et al., 2012) . Indeed, any phylogeny constructed with a subset of the species gene pool constitute one of many hypotheses on how those species evolved and branched along the evolutionary history (Harvey & Pagel, 1991) . Therefore, although complete data can improve the quality and refinement of the conclu- sions, taking into account the main phylogenetic covariance among species appear to be appropriate for many purposes of large-scale studies.
We have shown that the variation in species body size that is independent from the phylogenetic relatedness among species (i.e. the S component) is positively correlated with the variation in altitude. Indeed, the S component depicts a clear spatial pattern, particularly associated with the Andean slopes. This finding illustrates well the adaptive response expected by Bergmann's rule under an evolutionary perspective. That is, different species may have either smaller or larger bodies, regardless their distribution at the geographical or climatic space. However, this may be related to distinct pressures for body enlargement or reduction along their evolutionary histories that can be unrelated to Bergmann's effect . For closely-related species, however, systematically larger bodies among those experiencing colder conditions, compared to their relatives from warmer zones, constitute strong evidence that body size is being selected for that conditions, and that some underlying mechanism is responsible for such pattern . Interestingly, the overall pattern of body enlargement with altitude among centrolenids holds for the most speciose sub-clades within the family (i.e. Hyalinobatrachium and the Centrolene-Nymphargus clade). Together, these findings reinforce the reliability of the pattern, and also highlight the applicability of the rule at different taxonomic resolutions, as has been previously advocated (Meiri, 2011; Olalla-Tárraga, 2011) .
Besides the heat balance hypotheses (Olalla-Tárraga & Rodríguez, 2007) , other mechanisms have been proposed as possible explanations for Bergmann's rule. These include a phylogenetic effect derived from ancestral colonization by larger forms, association of body size with other trait that actually respond to coldness, migration ability, starvation resistance, and resource availability (Blackburn et al., 1999) . Our analyses enable us to rule out the phylogenetic contingency hypothesis because the body size-altitude relationship is independent of the phylogenetic relatedness among species (i.e. through the S component). If we take aridity and precipitation as surrogates for the environmental harshness and productivity, we can also disfavour both the starvation resistance and resource availability hypotheses on the basis of the lack of explanatory ability of those factors. It is yet possible that other features linked to body size actually vary with coldness, such as longevity (Kutrup, Bülbül & Yilmaz, 2005) . Given the overall narrow variability in centrolenids body size, this could constitute, in principle, a concurring explanation to the pattern found. We distrust, however, age as a consistent, general explanation for Bergmann's rule because the pattern holds for several clades (including ecto-and endotherms) and geographical regions.
In addition, both the spatial patterns of body size and S component correlate positively with our proxy of tolerance, either considering or not the presence of polytomies in the phylogeny. These findings allow a linking of the increase in average body size to a gradient in cold tolerance towards higher elevations. Cold tolerance, in turn, is directly related to the advantage for thermoregulation, which is (ever since Bergmann himself and as expanded in the heat balance hypothesis) the best candidate to explain body size clines (Olalla-Tárraga & Rodríguez, 2007) . This inference departs from the pure documentation of the spatial pattern in body size, and was only possible thanks to our model based on the spatial occupation of species at contrasting spatial axes. Although the reasoning of our model may not apply to other datasets, it may shed light on the dynamic of body enlargement across space. If our proxy for tolerance is in fact correlated to actual climatic tolerance at the physiological level, as we hypothesize, our results support a mechanistic link between species adaptation to cold and body enlargement across large special scales, as first conjectured by Bergmann.
Recently, Olalla-Tárraga (2011) stressed the need to identify the circumstances where Bergmann's rule does not apply as a means of improving our understanding of the underlying processes. Based on our findings of absence along the horizontal and presence along the vertical gradient of body size, we can suggest that there may be a distinction between the geographical and the environmental gradient as a prerequisite for creating the body size cline. The presence of the body size pattern, at least among glassfrog assemblages, may be independent of the geographical extension that takes place. Instead, a steeper climatic gradient may be a necessary condition to generate the pattern. This may suggest a minimum threshold of climatic steepness to create body size trends at the assemblage level. Nonetheless, we are unable to determine the minimum slope needed to trigger the pattern. Considering the interference of a number of uncontrolled variables (e.g. the rate of environmental change, the dispersal ability of particular clades), this should be rather difficult, and vary according to the taxon in question.
If linked to the paleoenvironmental history of the Andes (where the body size cline is more conspicuous), together with the spatial distribution of species along the Andean slopes, our results may offer a clue to explain part of the evolutionary history of glassfrogs. Despite its older (Cretaceous) genesis, the Andean uplift first peaked approximately 23 Mya (Oligocene to early Miocene). This period corresponds to the origin of Centrolenidae genera, as inferred from the divergence time based on nuclear and mitochondrial genes (Castroviejo-Fisher, 2009 ). Indeed, our analyses of phylogenetic autocorrelation of body size showed that the phylogenetic structure in body size persists up to the third distance class (i.e. approximately at the genera level), thus coinciding with the time when both the modern genera and the Andean slopes were being formed. This indicates a pattern of body enlargement that is temporally congruent with the Andean establishment. Further evidence is provided by most speciose (and probably more ancient) genera within Centrolenidae (Centrolene, Nymphargus, and Hyalinobatrachium; Guayasamin et al., 2009) . They are distributed at both east and west sides of the Andes, whereas all species belonging to each of these genera are geographically restricted to one or another slope of the mountain ridge. This spatial arrangement indicates an east-west split and further isolated diversification after the Andean uplift, which may have also fashioned their subsequent altitudinal asymmetry in body size.
In summary, we provide evidence for the validity of the altitudinal gradient in body size among centrolenid frogs. This pattern appears to be linked to the variation in tolerance to low temperatures, which is in accordance with the heat balance hypothesis as a likely mechanism underlying Bergmann's rule. We propose that the environmental steepness may be more important than the geographical distance in creating the body size pattern. We also depict a biogeographical scenario that may help to portray the body size gradient of glassfrogs at a subset of their geographical distribution: the uplifting of the Andes and the resulting decrease in temperature with elevation.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article: Figure S1 . Phylogeny of glassfrogs (Anura: Centrolenidae) based on Guayasamin et al. (2009) . Black branches and names refer to clades present in the original phylogeny. Red branches and names indicate clades inserted as polytomies according to previous classifications (Table S1 ). Quotations denote species considered incertae sedis by Guayasamin et al. (2009) as a result of the unavailability of molecular data. For these species, generic names were maintained to follow the current taxonomy, until a conclusive placement of them in the proper genera. Species with multiple placements in the phylogeny of Guayasamin et al. (2009) (e.g. Centrolene buckley, Hyalinobatrachium fleischmanni) had the positions arbitrarily defined in favour of one of the possible positions. Table S1 . Data and respective reference of body size (BS; midpoint snout-vent length), geographical range (GR) maps, altitudinal range (AR; maximum-to-minimum elevational difference), and phylogenetics relationships for all Centrolenidae frogs used in the present study. Quotations denote species considered incertae sedis by Guayasamin et al. (2009) as a result of the unavailability of molecular data. For these species, generic names were maintained to follow the current taxonomy, until a conclusive placement of them in the proper genera.
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